A mammalian orthoreovirus (MRV) strain was isolated from a pup with fatal diarrhea, which had a concurrent infection by canine parvovirus type 2. The reovirus isolate showed an atypical hemagglutination pattern and a retarded electrophoretic mobility of the S1 segment, which is characteristic of MRV type 3 (MRV-3). Assignment of the isolated virus to MRV-3 was confirmed by type-specific RT-PCR assays, targeting the S1 gene, and by subsequent sequence analysis of the PCR product. By phylogeny based on the S1 gene of several MRVs, the isolate fell into lineage E, along with the murine strain T3C9/61 and the bovine strains T3C18/61 and T3C31/59. Conversely, L1 sequences were found to segregate regardless of the viral type. A total of 110 fecal samples, 56 nasal and 31 ocular swabs from dogs with diarrhea or nasal/ocular discharge were tested by a nested-PCR assay specific for reoviruses, and no sample was found to contain MRV RNA, a finding that is apparently in contrast with the seroprevalence (25.77%) observed in dogs. #
Introduction
Mammalian orthoreovirus (MRV) includes nonenveloped, double-stranded (ds) RNA viruses belonging to the genus Orthoreovirus within the family Reoviridae, which are responsible for either symptomatic or asymptomatic infections in mammals and possess a broad host range (Tyler, 2001) . Their genome contains 10 dsRNA segments, which are designed as large (L, three segments), medium (M, three segments) or small (S, four segments) on the basis of the electrophoretic mobility (Nibert and Schiff, 2001) . Three MRV serotypes have been recognized so far, which are distinguishable by means of the capacity of www.elsevier.com/locate/vetmic Veterinary Microbiology 109 (2005) [19] [20] [21] [22] [23] [24] [25] [26] [27] anti-reovirus sera to neutralize viral infectivity and inhibit hemagglutination (HA) (Rosen, 1960; Sabin, 1959) . Neutralization and HA activities are restricted to a single reovirus gene segment, S1 (Weiner and Fields, 1977) , that encodes for s1 and s1s proteins. The s1 protein, a fibrous trimer located on the outer capsid of the virion (Fraser et al., 1990; Furlong et al., 1988) , is responsible for viral attachment on cellular receptors (Lee et al., 1981; Weiner et al., 1980) , serotype-specific neutralization (Bassel-Duby et al., 1986) and hemagglutination (Weiner et al., 1978) . Analysis of the S1 gene of MRVs belonging to different serotypes has shown a strict correlation between sequence similarity and viral serotype (Cashdollar et al., 1985; Duncan et al., 1990; Nibert et al., 1990) . Conversely, the other genome segments show no correlation to viral serotype, suggesting that mammalian reoviruses have evolved independently of serotype (Breun et al., 2001; Chappel et al., 1994; Goral et al., 1996; Kedl et al., 1995; Leary et al., 2002) .
Mammalian reoviruses have a wide geographic distribution and can virtually infect all mammals, including humans (Tyler, 2001) . In carnivores, MRV infections have been sporadically reported, although all the three serotypes have been isolated from dogs and cats (Binn et al., 1977; Csiza, 1974; Kokubu et al., 1993; Lou and Wenner, 1963; Marshall et al., 1987; Massie and Shaw, 1966; Mochizuki and Uchizono, 1993; Scott et al., 1970) .
In the present study, the isolation and molecular characterization of a MRV-3 strain from a dog with diarrhea are reported.
Materials and methods

Clinical case
Rectal swabs from two Borzoi greyhounds (214/ 04-A and 214/04-B), belonging to the same litter, were submitted to our laboratory for virological investigations. The pups, 2 months of age, were affected by vomiting and diarrhea, that was bloody in pup 214/04-B. Pup 214/04-B died within 6 days from the onset of clinical signs, and it was not possible to perform necropsy. Pup 214/04-A underwent a rapid recovery. Neither respiratory nor ocular signs were reported by the owner. Both the rectal swabs resulted positive to canine parvovirus type 2 (CPV-2) by a real-time PCR assay , showing titers of 1.45 Â 10 9 and 9.51 Â 10 8 CPV-2 DNA copies per milligram of feces for pups A and B, respectively. Both CPV strains were characterized as Glu-426 mutants (Buonavoglia et al., 2001) .
Virus isolation
The rectal swabs were homogenized in Eagle's minimal essential medium (E-MEM), treated with antibiotics and inoculated onto freshly trypsinized Crandell feline kidney (CrFK) cells. The inoculated cells were monitored by an indirect immunofluorescence (IF) assay using a CPV-2 monoclonal antibody. Cells inoculated with sample 214/04-A showed no cytopathic effect (CPE), in spite of a strong CPV-2 specific intranuclear fluorescence, whereas, unexpectedly, in the cells inoculated with sample 214/04-B a CPE was observed, that was characterized by rounding of the infected cells and deterioration of the cell monolayer, in spite of a very weak signal by the IF assay for CPV-2. In order to prevent CPV-2 replication on cell cultures, CPV-2 was selected against by using a monoclonal antibody (A4E3). There was no evidence for growth of CPV-2 in the subsequent passages, as shown by both IF and real-time PCR assays. In contrast, the CPE progressively increased, with complete destruction of the inoculated monolayers. The inoculated cells were stained with hematoxylin-eosin (HE) for detection of inclusion bodies. Negative staining electron microscopy examination was carried out on the cryolysate of the infected cell cultures showing evident CPE.
Hemagglutination assays
Two-fold dilutions in phosphate buffered saline of the isolated virus (cryolysate of the sixth passage on CrFK cells), with a titer of 10 4.75 TCID 50 /50 ml, were subjected to HA assays using 96-well microtiter plates and 1% red blood cells (RBC). Human (0, A, B and AB), cow, sheep, goat, pig, dog, cat, rabbit and mouse RBC were tested at 4 8C room temperature and 37 8C.
Polyacrylamide gel electrophoresis (PAGE)
For PAGE, dsRNA was extracted from the infected CrFK cells using the guanidine thiocyanate/Glass Milk method (Gentsch et al., 1992) , run in a 10% polyacrylamide gel at constant current of 10 mA for 10 h and visualized by silver staining as previously described (Dolan et al., 1985) .
PCR and RT-PCR assays
The rectal swabs from the two dogs and the sixth serial passage of the corresponding inoculated cells were subjected to PCR and RT-PCR assays for the detection of the main viral pathogens of dogs, i.e. canine adenovirus type 1 and type 2 (Hu et al., 2001) , canid herpesvirus type 1 (Schulze and Baumgartner, 1998) , canine coronavirus (CCoV) (Pratelli et al., 1999) , feline and canine caliciviruses (Hashimoto et al., 1999; Marsilio et al., 2005) and rotaviruses (Gouvea et al., 1994) . RNA for the detection of reoviruses was extracted using the guanidine thiocyanate/Glass Milk method, following the protocol described by Gentsch et al. (1992) . For the detection of MRV a nested-PCR assay was performed (Leary et al., 2002) , using primer pairs L1-rv5/L1-rv6 for RT-PCR and L1-rv7/L1-rv8 for nested-PCR (Table 1) .
Prediction of MRV type
As neither monoclonal antibodies nor polyclonal antisera specific to the three MRV serotypes were available in our laboratory, we developed RT-PCR assays able to differentiate the MRV serotypes, which were used to characterize the MRV strain isolated from sample 214/04-B. In the GenBank database, several S1 sequences of MRV-3 are available and this allowed us to select primers in highly conserved regions. Conversely, type 1-and type 2-specific primers were designed on the basis of the S1 sequence data of a few strains, i.e. the reference strains T1L/53 and T2J/55 for MRV-1 and MRV-2, respectively (Table 1) .
Sequence analysis and phylogeny
The entire S1 gene was amplified using primers ENT-S1-R3F and ENT-S1-R3R (Table 1) binding the 5 0 and 3 0 ends of the S1 segment, respectively.
The PCR products obtained with primer pairs L1-rv5/L1-rv6 (L1 gene, 416 bp) and ENT-S1-R3F/ ENT-S1-R3R (S1 gene, 1416 bp) were cloned and subjected to sequence analysis (Genome Express, Meylan, France). Alignments and sequence analysis were performed using the BioEdit software package (Hall, 1999) . The nucleotide sequences are available in the DDBJ/EMBL/GenBank databases under accession nos. AY781188 (partial L1 gene) and AY785910 (S1 gene). The nt sequences of the amplified fragments were aligned with a ENT-S1-R3F d gCTATTggTCggATggAT S1
Type 3 + 1-18 1416 ENT-S1-R3R d gATgAAATgCCCCAgTgC À 1399-1416 a Leary et al., 2002 . Primer position is referred to the L1 sequence of T1L/53 (accession: NC00_4271). b Primer position is referred to the S1 sequence of T1L/53 (accession: M35963). c Primer position is referred to the S1 sequence of T2J/55 (accession: M35964). d Primer position is referred to the S1 sequence of T3D/55 (accession: M10262). selection of MRV reference strains belonging to the three serotypes (Table 2) . Phylogenetic and molecular evolutionary analyses were conducted using MEGA3 (Kumar et al., 2004) . Parsimony trees were elaborated using a heuristic algorithm and supplying statistical support by bootstrapping over 100 replicates.
Sample collection and screening for MRV RNA and MRV-specific antibodies
A total of 110 fecal samples, 56 nasal swabs and 31 ocular swabs were subjected to nested-PCR for detection of MRV (Leary et al., 2002) . The fecal samples were collected from dogs with diarrhea and included 22 samples previously tested positive to CCoV by a real-time RT-PCR assay (Decaro et al., 2004) , 19 samples previously tested positive to CPV-2 by a real-time PCR assay , 7 samples positive both to CCoV and CPV-2 and 62 samples negative to CCoV and CPV-2. In addition, 96 serum samples collected from dogs of different ages and different geographic origin were tested for antibodies to the MRV isolate by a virus neutralization (VN) assay, using CrFK cells and 100 TCID 50 / 50 ml of the virus. At day 30 after the onset of clinical signs, a serum sample was also collected from pup 214/04-A.
Results
Isolation and virological characterization of the MRV strain
An MRV strain was isolated on CrFK cells from the rectal swab of pup 214/04-B. The CPE was initially characterized by rounding of the infected cells and, after a better adaptation to in vitro growth, by complete destruction of the cell monolayer. At the sixth passage on CrFK cells, the isolate reached a titer Table 2 Nucleotide identity (%) of MRV reference strains to isolate T3D/04 in the S1 and L1 segments
MRV strain
GenBank accession no. nt identity (%) to isolate T3D/04 S1 L1 S1 L1 (Fig. 1) . By HE staining, perinuclear intracytoplasmic inclusions typical of MRV were detected in the infected cells (Fig. 2) . The MRV strain showed an atypical HA pattern, as it displayed HA activity (1:64) using pig RBC. Interestingly, no HA was observed using human type 0 RBC, a pattern that is usually showed by all mammalian reoviruses (Tyler, 2001) . Low HA titers (1:4) were obtained using rabbit RBC. Unlike other MRV-3 strains (Dermody et al., 1990a; Lerner et al., 1963) , the isolate showed a weak HA activity to bovine RBC and only using high amounts of virus.
Molecular characterization of the MRV strain
By PAGE and subsequent silver staining, the dsRNA purified from the infected cells showed an electrophoretic pattern typical of MRV, although comigration of the L2 and L3 segments was observed (Fig. 3) . The largest of the S-class gene segments (S1) migrated slowly, which is a characteristic of MRV-3 strains (Hrdy et al., 1979) . RT-PCR and nested-PCR specific for MRV, carried out on a conserved region of the L1 gene, yielded products of the expected size (416 and 344 bp, respectively) only for specimen 214/04-B and for the corresponding inoculated CrFK cells, while no amplification was obtained from sample 214/04-A and the corresponding inoculated cells (Fig. 4) . By the type-specific RT-PCR assays the isolate was recognized as MRV-3 (Fig. 5) , and therefore designated T3/ canine/Italy/Decaro/2004 (T3D/04), according to the conventional system used to identify MRV strains. Sequencing of the amplicon generated by primer pair S1-R3F/S1-R3R confirmed the characterization obtained by the RT-PCR genotyping assay, and the isolate was definitively assigned to MRV-3.
Sequence analysis and phylogeny
Comparison of S1 and partial L1 nt sequences of strain T3D/04 with the sequences retrieved from the databases is reported in Table 2 .
The L1 fragment displayed the highest nt sequence identity (91%) to the reference strain T3D/55. Phylogeny showed that the L1 gene sequences segregate into lineages irrespective of their serotype (Fig. 6a) , confirming the results of a previous study (Leary et al., 2002) .
The S1 gene of strain T3D/04 revealed the closest nt sequence identity to the murine strain T3C9/61 (93%). Strain T3D/04 exhibited 79% positional identity to reference strain T3D/55 and 70% nt identity to the novel human strain T3C/96, recently isolated from a child with meningitis (Tyler et al., 2004) . By phylogenetic analysis, a sixth lineage, represented by the type 3 highly divergent T3C/96 strain, was added to the five lineages previously reported (Dermody et al., 1990b) with isolate T3D/04 falling into lineage E along with the murine strain T3C9/61 and the bovine strains T3C18/61 and T3C31/ 59 (Fig. 6b ).
Screening of dog samples for MRV RNA and MRV-specific antibodies
By nested-PCR, MRV RNA was not detected in any of the 197 canine samples analyzed, suggesting that reoviruses are not widespread in the sampled dog population.
However, antibodies to MRV were detected in 25 (25.77%) out of the 97 sera tested by VN. Antibody titers ranging from 1:2 to 1:16 were detected in 20 dogs, whereas VN antibody titers >1:32 were found in five animals, with the highest titer (1:256) in the recovered pup 214/04-A.
Discussion
The present study represents the first molecular characterization of a reovirus strain isolated from a dog. To date, there are a few reports on the epidemiology of reoviruses in dogs, although all the three MRV serotypes have been isolated in such species (Binn et al., 1977; Kokubu et al., 1993; Lou and Wenner, 1963; Massie and Shaw, 1966) . MRV-1 strains have been recovered from dogs with pneumonia (Lou and Wenner, 1963) or enteritis (Appel, 1987) , in association with either canine distemper virus or CPV-2. MRV-2 and MRV-3 have been isolated from dogs with upper respiratory tract disease (Binn et al., 1977) and diarrhea (Kokubu et al., 1993) , respectively. However, to our knowledge, none of the isolates was characterized at the molecular level and no sequence data is available in the databases. As in other mammalians, the pathogenetic role of reoviruses in dogs is still unclear, since attempts to reproduce a specific disease in germ-and disease-free dogs Fig. 5 . Strain characterization by the type 3-specific RT-PCR assay targeting the S1 segment (primer pair S1-R3F/S1-R3R, PCR product of 326 bp). M (marker GeneRuler 100 bp DNA Ladder, MBI Fermentas GmbH, Germany); T3D (strain T3D/55); T3A (strain T3A/57); Bf (sample 214/04-B, feces); T1L (strain T1L/53); T2J (strain T2J/55); N (negative fecal sample). resulted in contrasting findings (Appel, 1987; Holzinger and Griesemer, 1966) . Nevertheless, it has been suggested that MRV infection may act in synergism with other pathogens, aggravating the course of concomitant infections (Appel, 1987) . Herewith, we described a double infection by MRV and CPV-2 in a dog died from severe enteritis. MRV was not detected in the CPV-2 infected dog that survived, even if MRVspecific antibodies were detectable 4 weeks after the onset of the disease, indicating that the dog had been exposed to MRV-3 infection as well.
Strain T3D/04 displayed an atypical HA pattern, as it was able to agglutinate only pig RBC. Unlike other MRV strains (Tyler, 2001) , this isolate did not Fig. 6 . Maximum parsimony trees based on partial L1 (a) and S1 (b) nucleotide sequences of MRV strains. Accession numbers of the strains used for phylogeny are reported in Table 2 . Trees are unrooted and drawn to scale. Bootstrap values were calculated and are indicated at each node. agglutinate human type 0 RBC and unlike other MRV-3 strains (Dermody et al., 1990a; Lerner et al., 1963) , HA was weak using bovine RBC.
Reoviruses possess a wide host range and naturally occurring MRVinfections have been described in cattle, sheep, pigs, horses, dogs, cats, mice, as well as in human and non-human primates (Tyler, 2001) . In mice and in non-human primates, reovirus infections can affect the respiratory, gastrointestinal and nervous systems (Tyler, 2001) . In humans, mammalian reoviruses are mainly responsible for respiratory and/or enteric disease. However, MRV-3 infection has been associated to a case of meningitis in a child (Tyler et al., 2004) . The ability to induce neurological disease is a characteristic of MRV-3 and a neurovirulent MRV-3 strain has been isolated from a cat with ataxia (Csiza, 1974) . Because of the apparent lack of species barriers, MRVs may potentially spread from animals to humans and vice versa. From this perspective, further studies would help obtaining a more in-depth understanding of the ecology of reoviruses.
